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NOMENCLATURE

AB Model Base area

Cp Specific heat of model material

c Velocity of light

DB Model base diameter

h Heat transfer coefficient, q (Taw - Tw)

H Planck's constant
qHo Stagnation enthalpy

H Air enthalpy based on Tt
W W

k Thermal conductivity of model mater:al

K Boltzmann's constant

L Model length

M Freestream Mach number

P0 Freestream pressure

Pt 2  Stagnation pressure downstream of a normal shock wave

Heat transfer rate

q. Freestream dynamic pressure

r Body radius at the nosetip juncture
R B Model base radius

Re Reynolds number

Sto Wetted length from stagnation point to transition onset
ST[ Stanton number based on freestream properties

T Absolute temperature

Ti Model initial temperature

T Stagnation temperature
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T Wall temperatureL w
,at Time measured from model insertion into flow

SV90 Freestream velocity

W Total radiant energy emitted from an object's surface
per unit area and time

SWXb Blackhody spectral radiant emittance within a spectral
W) interval one micrometer wide at waveleAgth X

X Axial distance measured from the apex of the sharp 70
half angle cone

GREEK SYMBOLS

Angle of attack

B Term defined in Equation A-(5)

Emissivity

Wavelength

Air viscosity

Model material density

P. Freestream density

Stefan-Boltzmann constant

i
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1.0 INTRODUCTION

1.1 Problem Definition

The targeting accuracy and reliability of a ballistic reentry
vehicle (BRV) is a complex and interactive function of the geometric shape

and design properties, the thermal environment, the nosetip and frustum
materials' response to the thermal environment, and the coupled aerodynamic
behavior of the "ablating" vehicle. Accuracy is also dependent upon manu-

facturing and assembly reliability and repeatability as it affects the
center of gravity offset, lack of the uniformity in material properties,

mismnatch of the various frustum sections (i.e., steps and gaps), and several
other factors. The interrelationship of these factors in achieving ýr accep-
tably small circular error probability (CEP) of impacting a target, although
known qualitatively, are not entirely understood quantitatively.

At present one of thl largest contributors to BRV entry dispersion

is the lift perturbatiorn produced by asymmetric boundary layer transition.
Although the gross effects of asymmetric trdnsition are fairly well known

qualitatively, there is a need to develop a means of predicting more ac-
curately the dynamic behavior of future vehicles during transition so that
dynamic perturbations can be minimized through proper design. There is also

a need to acquire an improved definition of the problem in terms of disper-

sion sensitivity to transition effects.

A principal element in reducing the transition dispersion contri-
bution, especially for future systems, is in defining and understanding the

causal mechanisms. A review of previous work has identified those physical
mechanisms that could potentially produce aerodynamic stability degradation
during boundary layer transition. One prominent mechanism is the progression
of an asymmetrical transition front over the vehicle due to wind and body fixed
sources. The motion disturbances associated with this source create an im-
balance in the induced pressures and viscous forces. This can give rise to

"in-plane" (or wind fixed) force and moment non-linearities and perturbations,
and to "out-of-plane' forces and moments. The out-of-plane effects are gen-
erally thought of as being body fixed due to geometric asymmetries caused
by antenna windows or nonsymmetric steps and gaps which give rise to asym-
metric transition and impulsive out-of-plane loads.

7.



In addit;on vehicle packaging and performnce studies have shown

that RVs with biconic frusta or with preshaped (i.e., non-spherical) noses
may have some performance advantages over sphere cones. Furthermore, flight
test results have shown that large changes in BRV stability occur during re-
entry that could, in part, be attributed to the nosetip shape change. This

therefore suggests that if one could design a nosetip that nominally retains
its preshape during reentry, increased high altitude stability could result

with no weight penalty and with little if any effect on the low altitude

characteristics of the vehicle.

Powever, little if any data exists relative to the transition per-
formance of vehicles with the nosetip shapes that were considered here. The

potential improvement in the aerodynamic performance could be offset by de-
graded "transition performance." That is, the altitude of transition onset,

the sensitivity of the transition zone shape to angle of attack, and its rateI of forward progression could be affected in a manner that would negate the
improved aero performance. As e result, data were to be obtained to explore

the relative effect of transitinn on vehicles with non-spherical noses versus

those with spherical noses.

.2 Test Objectives

The objective of the current effort was to experimentally define

transition onset, zone extent and shape, and spread angle, for configurations

with:

a. preshaped noses,
b. roughness patches simulating antenna windows,
c. steps due to misaligned frusta,

d. biconic frusta.

Tests were conducted at the vonKarman Test Facility at AEDC in Tunnel B at

Mach 8.

8. 4



1.3 Tezhnlcal Approach

Ii *'Aerodynamic heat-transfer data acquisition techniques can be cate-

gorized into two general methods: (1) those which provide discrete localized

measurements, and (2) those which provide a map of the surface thermal con-

ditions. Discrete measurement techniques usually require thermocouple or k
heat-gage instrumentation which yield output signals easily processed for

data~dutio bycomutes. Hwevr, nlya lmitd nuberof herocople
or gages can normally be accommodated by the model or test facility. Most

thermal mapping procedures use coatings which change phase or radiance when

heated. These :oating techniques can provide immediate qualitative results,
but lengthy off-line photographic data reduction procedures are required to .
obtain quantitative results. In addition, when phase-change paint coatings

scanning systems have the potential of combining the coverage of the mapping( techniques with the computerized data reduction of the discrete measurement
methods. Since models used for IR testing do not require internal instru-
mentation, configuration changes can readily be facilitated during the test
cycle. The test model used in this investigation was 50 inches long, and
was manufactured at Lockheed Huntsville using the proprietary epoxy material

"LH." This material has a sufficiently high emissivity in the bandwidth of
interest to be used as an infrared test model.

.1W

9.

C7 x -



2.0 INFRARED SYSTEM

An infrared system has been under development within the von

Karman Facility at the AEDC for several years (Refs. 1 and 2); recent

developments of the system were described at the AIAA 10th Testing Con-

ference (Ref. 3). Since that time, significant progress has been made

in reaching the goal of combining both thermal mapping data and on-line

digitizing of full frame (a maximum of 7700 discrete data points) in-
frared scans.

It is not the purpose of this paper to present a complete des-

cription of the total sytem. Rather, the reader should refer to informa-

tion contained in Refs. 1-3 for details of basic concepts, system components,

and data reduction techniques. Contained in Appendix A of this report is

a discussion of the IR system and its utility in resolving a particular

technology problem along with examples of computer generated isotherm

and digital data plots are -nc,.,,'; us-ng resu't.- •,'-Q n tn '

I ,
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3.0 TEST FACILITY AND MODEL DETAILS

3.1 Test Facility

Tunnel B is a closed circuit hypersonic wind tunnel with a 50-in.

diameter test section. Two axisymmetric contoured nozzles are available

to provide Mach numbers of 6 and 8 and the tunnel may be operated continu-
ously over a range of pressure levels from 20 to 300 psia at Mach number 6,

and 50 to 900 psia at Mach number 8, with air supplied by the VKF main
compressor plant. Stagnation temperatures sufficient to avoid air lique-

faction in the test section (up to 1350 0 R) are obtained through the use of

a natural gas fired combustion heater. The entire tunnel (throat, nozzle,

test section, and diffuser) is cooled by integral, external water jackets.

The tunnel is equipped with a model injection system, which allows removal

of the model from the test section while the tunnel remains in operation.

3.2 Model Data

A model that is to be used with the AEDC IR system in Tunnel B

must have specific characteristics to accurately determine the surface

temperature and the corresponding heat transfer to the model surface.

Specifically, the material for that part of the model from which IR data

are to be obtained must be:

a. a good insulator and therefore have low

thermal diffusivity;

b. castable and machinable;-

c. a good radiator in the IR region of the

f spectrum at which the detector is sensitive ;

d. able to be repeatably exposed to high;

temperature (up to 500°F) with no surface

deterioration;

e. able to withstand the aerodynamics loads

of tunnel entry and exit;

f. able to be manufactured in a large enough size

for suitable boundary layer transition tests on

blunt bodies.

?.1



The Lockheed Epoxy Material LH has these properties, is economical to fabri-

[ cate, and was therefore used for the current study.

The model used in this test was basically a slender cone, with a

7-degree half-angle and a base diameter of 12.28 inches; the model wall was

approximately one-half inch thick. It was built in several sections to al-

low different geometries to be assembled. The basic sharp 7-degree cone

configuration, seen in Figure 1, was 50 inches long, and model stations

I ,were measured from the apex of this configuration. Details of the model

components are shown in Figure 2. Through various combinations of the

three forecones, eight nosetips, and ten nosecaps, a large number of conic
r

and frustum biconic -onfigurations with a variety cf.ncse shades could

;be assembled.

All of the model nosetips were made of steel to withstand theI severe thermal environment in tne nose region.

In addition to the nose shapes, two other geometry variables were

included in the model design. At Model Station 20, the coupling between

the aft cone and the forecone was constructed such that the joint could be

assembled with a smooth surface, or with the forecone offset either 0.075-in.

or 0.150-in. in the vertical plane (Figure 3). This provided a forward-

facing step on one side of the model and a rearward-facing step on the other

side. This was intended to simulate frustum section misalignment in the

manufacturing of actual flight vehicles.

The final geometric variable was a series of roughness patches at

Model Station 28. At this station the model was smooth in one quadrant while

in the other three quadrants a rough area, approximately two inches square,

was formed by bonding grit particles to the model surface. A different par-
ticle size was used for each patch, and the three sizes were 0.013-in., !

0.030-in. and 0.060-in. (see Figure 1).

12.
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The model internal support structure was designed to attach either

to a VKF six-component force balance or to a dummy balance. Installation

in Tunnel B was as shown in Figure 4. It was mounted as far forward in the

tunnel As was practical so the infrared camera could view the aft section

of the model, where the boundary layer phenomena of interest were expected
to occur. The appropriate IR camera field-of-view is indicated in Figure 4.

16.
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r
[ 4.0 SUMMARY OF DATA OBTAINED

The data generated with the AEDC IR system consists of:

(1) A tabular listing of the tunnel freestream conditions,
pertinent model information, local surface temperatures,

and heat transfer coefficients. The surface temperature

and heat transfer data are tabulated for each of the 2241

points in the IR field of view on the model surface,

(2) An isotherm map generated from the IR system output.

rThis mapping technique uses the IR system output con-

verted to a printer-plot format,

(3) Graphical presentation of the reduced data, such as thej centerline heat transfer distribution displayed as a

function of the axial coordinate,

and (4) Camera coverage (color photographs of the IR video

monitor) tr;ggered at the time the data are digitized.

The data cutput from items (2) through (4) are available within

minutes from the time the data were taken, tnereby providing a useful tool

fc,- data diagnostics &nd test direction.

An example of an isotherm map is shown in Figure 5. In this map,

each of the 40 symunls represents a temperature range of the IR output.
The ranges do nnt overlap, so each of the data points are represented by

one symbol and the printer displays the complete matrix. Both the computer

piots and the color photographs are inherently qualitative in nature; how-

ever, they are useful for selecting the appropriate locations for which the

primary tabulated data are plotted.

18..!
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tin A listing of the IR data obtaited during the current investiga-

ttontis presented in Table 1. This table defines the freestream Reynolds

number, the geometric configuration, and the angle of attack for which data

were obtained. It should be noted that since data were obtained on the

upper side of the model in the tunnel, a nose-up condition is defined as

a plus (+) angle of attack and corresponds to leeside data. The converse
is true for the windward side data.
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1ý 5.0 DISCUSSION OF RESULTS

The data obtained in the current study is summarized in the

AEDC technical report of Reference 4. Distribution of the detailed

data tabulations is available from AEDC to qualified DoD contractors
with BMO approval. Contained in this section is a description of the

analysis procedure used to define the onset and end of transition and

an interpretation of the results.

function of x/L along the model centerline. As noted in Figure 4, the
IRcamera's field of view extended from x/L z .45 to x/L z 0.90. Some

samples of this plot are shown in Figure 6. The slight variation in the

data at x/L = 0.71 is caused by a stripe of reflective paint which served

as a reference marker. Also shown in Figure 6 is the straight line method

which was consistently used in the current investigation to define the axial
location of transition onset and end. It was decided that this approach

would provide a consistent definition of the transition locations which

are also co.mpatible with published data. It is evident from Figure 6

that the onset of transition, defined as the first departure from the

laminar heating, would occur at a slightly smaller value of x/L, and the

end at a slightly larger value of x/L (each within 5% of the "linear"

method). However the definition of the value determined from the minima

and maxima is subjective, and it was decided that the linear method pro-

vided consistency. The values of transition onset and end listed in Table 1

summarizes all of the data obtained and are tabulated in terms of x/L (from

the 7 0cone apex).

5.1 Spherical Nose Bluntness EffectsI 0The data obtained for the 7 cone with the spherically blunted

noses were used as a basis for comparison w~ith the shaped nose effects, and

also a bridge for comparison with data obtained from instrumented models

(thin skin thermocouples or heat transfer gages). Therefore prior to

23.4
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F"
discussing results pertinent to the primary objectives of this test the
data for the spherically blunted cone will be presented first.

Infrared data were obtained on the basic 70 half angle cone for

noses of varying spherical bluntness and for several non-spherical shapes.

Shown in Figure 7 are black and white reproductions of the IR color photo-

graphs for some representative data depicting the i'nfluence of nose blunt-

ness and shape on the leeside heating (temperature) pattern at a one degree

angle of attack. It is evident from these photographs that the shape of
the nose has an effect on the transition location and shape. Shown in
Figure 8 are the deduced heat transfer distributions for the same data

groups depicted in Figure 7. With transition onset and end defined as
is shown in Figure 6, the influence of spherical bluntness on the location
of the transition zone, as derived from the current data, is shown in

Figure 9. Also shown in this figure are data from Martellucci and Neffs
0?I 'obtained on a thin-skin, smooth-walled cone with ec = 7.2 using backface

thermocouples. These data were also obtained in the AEDC Tunnel B facility

at Mach 8. The agreement between the two sets of data are excellent.

The data from the current series of tests were al.;o compared to

the bluntness data of Stetson and Rushton 6 and Softley7 , in terms of local

wetted length Reynolds number to the transition onset point, ReST, versus

the freestream Reynolds number based on nosetip radius (Figure 10). These

data were obtained for Mach numbers in the range of 5.5 through 12.

The local viscous flc"! properties (i.e., Reynolds number, Mach

number, etc.) were computed with the Blottner codeý which utilized the

Sinviscid flow properties generated by Hall's code 9 . The data plotted in

this format depicts the transition bluntness reversal first noted by

f Stetson and Rushton. On the "sharp" cone side of the curves (i.e., Re.N • lOs),

there is a trend of increasing transition Reynolds number, ReST, with Mach

number. Interestingly, this trend is reversed on the blunt cone side.

25.
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SPHERE-CONES

4-RN/RB = 0.03

RN/RB = .04+ IINI

M. = 8.0
Re. = 3.3 x 106 Ft-1

= 10 (LEESIDE)

BICONE NOSETIPS

r/RB = .04
.-400

55o0.

I
'11

FIGURE 7, REPRODUCTION OF THE COLOR IR PHOTOGRAPHS DEPICTING THE

EFFECT OF NOSE BLUNTNESS AND SHAPE ON TRANSITION
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These trends can be attributed in part to the bluntness effects on local
f Mach number (i.e., entropy swallowing) as seen below:

INRASINGM,

r~Me

For blunt cones, the local edge Mach number is quasi independent of free- ~

stream-Mach number therefore transition would be affected by other factors such
as streamline stretching, entropy swallowing, etc. Nevertheless, it can beI
seen from Figure 10 that the data obtained with the IR system are consistent

on a freestream Mach number basis with data from other sources.

The angle of attack influence of bluntness on transition skewness

may be seen in Figure 11. In this figure the data from the current tests
are displayed with the data of Stetson and Rushton6, Holden"0, and Muir
and Trujillo"1. Within the bluntness range tested in this series, the
current data agree well with the other 'lata sources. It is of interest to

note that for nose bluntness r~atios bel' w 6%, transition is further forward
on, the leeside than on the windward side. The blunt cone data of Muir and
Trujillo for R N/R B = 0.32 show the opposite trend, This bluntness reversal-

wind to lee - has been observed by other experimenters as well.

The current data, obtained with the AEDC IR thermal data system,,I were seen to compare well with other data sources. Therefore, it is concluded
that this data acquisition system can be employed with confidence. In thei following sections, the influences of nose shape, roughness, etc. will be

presented.
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5.2 Nose Shape Effects

Prior to presenting and discussing the data obtained for the

configurations with the non-spherical noses, it would be advantageous to
discuss why these configurations are of potential interest to AS14S(nee ABRES).

Ballistic reentry vehicles with nosetip bluntness ratios of 5 to 12% and
with bluff non-spherical noses were inherently more stable than those

with spherical noses. The potential benefits that can be derived from
nosetip preshaping are shown in Figures 1 and 13. The information pre-

sented in these figures was generated with the inviscid code of Reference

9. Figure 12 presents the location of the center of pressure versus Mach
number for a vehicle with 10% bluntness for several nosetip shapes. Figure
13 presents the same results versus bluntness ratio at Mach 20. It is evi-
dent that significant stability increases can be realized with the bluff

shapes (i.e., 550 bicone or ellipsoidal) as compared to the more slender
(i.e., 400 bicone) nosetips. Increased stability is generally synonomous
with decreased dispersion, thus this simple passive approach is but one
method of favorably affecting vehicle design. The objective is to select
a nosetip shape that provides high altitude benefits and retains the same
nominal shape during reentry, thereby providing increased stability. One
intent of the transition experiment of the current study is to evaluate

the transition performance of vehicles with various nosetip preshapes to

insure that no deleterious behavior is evident.

IR data were obtained on the 70 cone for each of the non-spherical
nose configurations shown in Figure 2. Tests were conducted over an angle
of attack range commensurate with typical BRV values at the transition on-
set altitude as shown in Table 1. Listed below is a summary of the data
obtained at ot 00 for Re /Ft. - 3.8 x 106.

32
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FIGURE 12, EFFECT OF NOSE SHAPE ON CENTER OF PRESSURE

LOCATION -VARIATION WITH MACH NUMBER
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Configuration Axial Location of Local Wetted Length
Transition Onset Reynolds No. at Onset

(r/R8  .04) xL
(xLtr Restr I

Spherical Nose 0.75 5.7
Laminar OJblate (ellipsoidal) 0.77 5.5
550 Tangent 0.76 6.1
400 Tangent 0.71 5.4

One will note that the location of transition onset is slightly delayed 7'

for the bluff nose configurations (i.e., laminar and 550T) compared to
the spherical nose case, and slightly enhanced for the sharper nose con-

figurati on. Considering that nosetip ablation during reentry will re-
sults in an oblate nose shape, one therefore observes that the cone with
the 55 nose has the same nominal transition performance as the lamina-
oblate blunted configuration.

One measure of the influence of transitional boundary layer flows
on the targeting accuracy is related to the degree of skewness of the tran-
sition cone - wind to lee - evident at angle of attack. This is a conse-
quence of the changes in viscous induced pressure and wall shear from
laminar to turbulent flow. Shown in the bar chart of Figure 14 is a com-
parison. of the degree of skewness observed for each of the noses tested at

0
-1 . One notes from this figure that the bluffer noses (i.e., the

laminar ý)blate and 550) which are tangent to the aft cone exhibit less
transition skewness than the sharper nose (i.e., 400). The non-tangent

0 0
400 and 55 noses exhibit more skewness than their tangent counterparts.
It should be noted that the transition onset location for the non-tangentI noses is nominally identical to the location for tangent shapes on the

windward ray; however, it is further forward on the leeward ray. Obviously
the sharp corne-r destabilizes the leeside boundary layer creating the
greater skewness. Since reentry ablation will cause all sharp corners

to increase in radius, it can be concluded that for the tangent geometries,
bluffer nosed vehicles will have improved transition performance (i.e.,
less high altitude dispersion contribution to targeting accuracy) rw-r

sharper vehicles.
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UI

Relative to the primary goal of this subset of experiments, it

. can be concluded that the reentry performance of a BRV could be improved

if the nose were preconfigured to be bluff, and whose material properties

coupled to this preshape were such as to cause the shape during reentry

to remain bluff. This conclusion should be verified by flight test.

5.3 Frustum Roughness Patch Effects

Reentry vehicles generally have antenna windows mounted in the

frustum. The antenna window materials have sufficiently different abla-

tion characteristics such that they start ablating at an altitude dif-

L ferent from the shield, which, in general, also recedes at a different

rate. As a consequence, they impose a disturbance to the flow which could

affect the state of the boundary layer downstream of the window. Localized

roughness patches were used in this study to simulate the disturbances

associated with antenna windows. As defined in Section 3, the model was

manufactured with three 2" x 2" roughness patches of different roughness

height (ks = 13, 30, and 60 mils) located 900 apart. Data were obtained

with the model rotated so that, for a given model configuration, each patch

was at top-dead-center (i.e., in the viewing range of the IR camera). IR

measurements were made for several values of the Reynolds number, angle-

of-attack, and nose bluntness. Shown in Figure 15 are black and white

reproductions of the color IR photographs of thc windward side (a a 0.50)

of the 4% blunt sphere cone. Figure 16 contains the inferred heat transfer

distributions for the same cases. It is interesting to note that transition

onset initially is delayed behiind the roughness, moving from x/L , 0.75

for ks = 0 to x/L z 0.81 for ks = 13 mils. Then as ks increases further,

transition onset moves forward. Another example of roughness delaying

transition is visible from the photographs of Figure 17 and the attendant

heat transfer distributions shown in Figure 18. In this case, transition

onset for the smooth wall is located at x/L = 0.58 and as ks increases

37.
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ks 0 ks = .013"

Re, = 3.8 x 106 Ft'l

RN/RB = 0.04

a = 0.50 (WINDWARD)
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ROUGHNESSi-p

FIGURE 15, REPRODUCTION OF THE COLOR IR PHOTOGRAPHS DEPICTING THE
EFFECT OF A ROUGHNESS PATCH ON TRANSITION
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ks =0 ks .013"

=8.0
Re. -- 2.2 x 106 Ft-l

RN!RB = 0.02
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ks= .030" ks= .060"

FIGURE 17, REPRODUCTION OF THE COLOR IR PHOTOGRAPHS DEPICTING THE

EFFECT OF A ROUGHNESS PATCH ON TRANSITION
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transition moves aft. These data are summarized in Figure 19 in terms of
arreestream transition Ryodnubrversus rogns egtor several

values of the bluntness and angle of attack.

The roughness heights selected for this study were scaled, in
terms of viscous layer thicknesses, to encompass the magnitudes evident on
flight vehicles during reentry. That is, for typical BRVs which undergo

thickness are from 15 to 20 mils, and displacement thicknesses are from

25 to 50 mils. For the current ground test, the maximum rouqhness height
(k5  60 mils) was nominally equal to the displacement thickness for
Re. = 2.2 and 3.8 x 106 Ft.-'. Thus the roughness magnitudes selected for
this experiment are within the realm of allowable disturbance levels pos-
sible during reentry and therefore the results are applicable for direct

comarion.One possible explanation for the transition delay due to rough-

ness is that the roughness zone promotes increased heating to the surface
thereby extracting energy from the stream, which is a stabilizing influence.
However, the roughness also enhances turbulence in the stream, which is
destabilizing. Obviously, for small roughness, the stabilizing influence
dominates, but as it increases the expected destabilizing influence takes
over.

It should be stressed that in no case in the current test seriesI was a "turbulent wedge" observed, that is, a region of transitional-turbulent
flow which emanated from the roughness site. There always was a delay length
from the disturbance site to transition onset. It is evident that the scale

of roughness could have been increased to promote transition at that site;
however, these roughnesses would not be representative of flight conditions.]
It should be noted however that the vortex formation at the edge of the rough-

ness patch does promote a localized forw~ard movement of transition relative
to the centerline of the roughness site. The increased 3-D effects of this i
vorticity apparently promotes early transition.
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B 5.4 Frusta Offset Effects

Preprototype and production line flight test vehicles are normally

manufactured with several field joints on the frusta for assembly on site.

The tolerances are such that there could be a surface discontinuity on

assembly at these junctures. System specifications normally require that

there be no forward facing step at a joint, and a current operational

system requires that the aft facing step, A, be no larger than 30 mils. At

the transition onset altitude this translates to A/-S* = 1.0 and 6/6 t 3.0.
For the purposes of this ground test, frusta offset values were selected

to provide an aft facing step which was equal to or greater than that which

exists in flight. Specifically, values of A of 75 and 150 mils were selected.

In the ground test, at Re. = 3.8 x 106 Ft.-' and RN/RB = 0.04, this trans-

lates to the following:

for A 75 mils; A/6 1.0, A/6* = 1.4, A/6 = 15

Shown in Figure 20 are photographs of the IR data for the aft

f' •ng frusta offset at a = 00 and 10, while the complementary heat transfer ]
daca are shown in Figure 21. The transition onset data displayed as a func-

tion of offset are shown in Figure 22. It is evident from these data that

for offset values commensurate with flight test values no effect on transi-

tion is observed. As the offset magnitude is increased to 150 mils, a

slight effect on transition is observed.

5.5 Frustum Bicone Configuration Effects

Interest in biconic vehicle geometry is a consequence of the

potential aerodynamic and vehicle design improvements which may be realized
by a modest departure from conical geometry. Figure 23 illustrates the

conversi,.r. a cone into a biconic. For a given cone angle and base

diameter, warhead forward diameter establishes the most aft biconic break

station which can be accommodated without shifting the warhead aft. For

vehicles of current interest, break station radii are 0.4 to 0.5 of RB.

44.
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FIGURE 20, REPRODUCTION OF THE COLOR IR PHOTOGRAPHS DEPICTING
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The planform area thus removed from the forward portion of the cone results
in a more aft center of pressure at angle of attack (Figure 24). Center

of gravity is shifted aft a relatively small amount by this modification.

Consequently a net increase in stability results which may be used to re-
duce ballast or shorten the vehicle. The latter results in a decrease in
vehicle diameter for a given cone angle. Thus it is seen that the biconic

geometry offers a more packageable, shorter length, lighter vehicle.

"The objective of this subset of tests is to establish the transi-
tion performance of bicone vehicles relative to their straight cone 0Icounterparts. As indicated earlier, tests were conducted for 130/70, 100/70,

and 70/70 bicones, with the break radius at 40% of RB, as shown in Figure 1.

Data were obtained over an angle of attack range of +10, consistent with
RVs'low altitude a excursions. At zero angle of attack the data indicate
that, for fixed freestream conditions, transition moves aft slightly with
increasing forecone angle (i.e., occurs closer to the vehicle base) as
shown in Figure 25a. The aft movement is more pronounced for the sharp

configurations. For blunted configurations, the variation is relatively
small such that for flight conditions one would not expect to detect an

effect on the transition onset altitude (i.e., within + 5 KFT). This con-
clusion is in partial agreement with the results of Stetson" who also did

not see significant effects of bicone geometry on transition onset for blunt bodies.

It is interesting to note however that the degree of asymmetry -

wind to lee - noted for the bicones is significantly smaller than that for

the straight cones (Figures 25b and 25c), both sharp and blunt.

The general conclusions that could be drawn from these limited

bicone data indicate that the transition performance of biconic BRVs
would be comparable to straight cone BRVs (i.e., for a given base diameter

vehicle). That is, the transition altitude would not be materially affected,

and the vehicle would be slightly less prone to transition dispersion.

4.
• 49..



w~IN

InI
K 0 0

u =

a ) W ~ I.-c
3C

~~U.1

-.1

wca

I-

CDz

00



1.0

.8

(X/L)TR

00.

()FORECONE ANGLE EFFECTS 8 F(ERE) 1

.8

.6 SYM eFI

S(x/L)TR 0 7 00
130io

.2

(b ANGLE-OF-ATTACK EFFECTS - SHARP NOSE(Re,,/Ft. 1.3 x 106)

(xLTR .

SYM ec F
.6 0 70

4 0 130

F .4
WINDWARD 0 LEEWARD

(c) ANGLE-0F-ATTACK EFFECTS - 40ON NOSE

FiGURE 25. EFFECT OF BICONE 51.ETR ON TRANSITION ONSET(M -8

- ~ - 5 1 .



6.0 SUMMARY AND CONCLUSIONS

An experimental program was conducted to investigate the transi-

tion performance of vehicles with: (a) non-sphere cone geometries, and

(b) local aberrations such as misaligned frusta sections and localized

roughness patches which could be attributed to antenna windows.

The tests were performed at the AEDC von Karman facility in
Tunnel B at Mach 8. Bour..,ary layer transition was deduced from the surface
heating profiles inferred from the AEDC infrared scanning system data.
The model used for this investigation was fabricated from an epoxy material
whose insulating and emissive properties make it well suited for IR system
usage. Tests were conducted over a range of Reynolds numbers from 1.3 x

16to 3.8 x 16per foot, and an angle of attack range from 00 to 20.

It was concluded that the AEDC infrared system provides an ex-

tremely useful technique for deducing the heat transfer distribution on

the surface of a model. The heat transfer inferred from the IR data are
in excellent agreement with theory and with data obtained from other

sources such as the thin skin 1-0 approach. Furthermore, the current status
of this equipment at AEDC enables the test engineer to utilize the data
output on a real time basis to guide subsequent test directions.

Relative to the primary objectives of this investigation, the
following are the major summary conclusions obtained:

1. In the small spherical bluntness range (i.e.,
RN/R < .08), as RN is increased transition is
delayed and also provides less asymmetry at
angle of attack



S2. Preshaped noses affect transition such that, for a

prescribed r/RBi bluff shapes delay transition onset

and provide less asymmetry at angle of attack, and

sharper shapes promote earlier transition onset and

have greater asymmetries due to angle of attack.
These results, coupled to analytic predictions of RV

stability with bluff non-spherical nose shapes,

indicate that improved BRV low altitude performance

(i.e., <100 KFT) could be achieved - provided
the nosetip remained bluff.

3. Roughness patches on the frusta of a magnitude

commensurate with flight (i.e., ks/6* 1 1) do
not promote early transition; therefore,

turbulent wedges probably do not exist. In

particular, for small roughness, ks/S* < 1,

transition onset delays may be observed.

4. Frusta offset with aft facing steps of magnitudes i
commensurate with flight vehicles (i.e., A/6* < 1.0)

probably do not promote early transition.

£. The biconic configurations investigated produced
(a) a delay in transition onset relative to the

straight cone for the sharp configuration, and (b)
a slight-to-imperceptable delay for the blunt cases.
However, the degree of asymmetry with angle of attack -

wind to lee - was significantly reduced for all bicones

tested compared to straight cone results. These data,
coupled with predictions of RV stability,indicate that
one would expect smaller stability excursions with Mach

number for bicones compared to straight cones, thereby

resulting ir. reduced dispersion during reentry.

53.
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In addition to these summary conclusions, the following observa-

tions were also made:

S.1. The data obtained inhthe current inyestigatlon agree'
1ell with the ,results of other experimenterstaken in

several test facilities and with several diferent .

types of instrumentation. These da-a 1show-that spher'ical

bluntness and angle of a-..'ýack trends are not facility

dependent.

2. The rearward displacement of transition due to j
spherical nose bluntness was found to be sensi-

tive to freestream Mach number for values of

ReN 10 I0.

S3. For small bluntness', transition was found to

move aft on the cone until a maximum rearward

displacement was observed at Re.N • 10I

4. As shown in the literature, a bluntness reversal
was observed such that increasing nose, bluntness

caused transition to move forward on the cone with

increasing ReoN (i.e., >l0S). i.

5. For large bluntness, ReN > 101, the transition

dependence on Mach No, is significantly smaller

than for the small bluntness case (see Figure 10).

Although the available data are sparse, transition

dependence on Mach Number at large Re is reversed

relative to the small bluntness data. That is, for

small RewN, transition Reynolds number increases

with increasing Mach number; for large RewN transi-

tion Reynolds number decreases with increasing Mach

number. More data are required to quantify this

observation.
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APPENDIX A

INFRARED (IR) SYSTEM DESCRIPTION

The infrared system at AEDC, which employs an AGA Thermovision 680

camera, is a completely passive system that can be used to map the heating

on a body, its output can be amplified, converted from analog-to-digital

form, and reduced to heat transfer coefficients. Infrared radiation emitted

from the model surface passes through the tunnel atmosphere, window, lens,

and scanning optics and is focused on the detector in the IR camera. The

IR energy is then converted by the detector into an analog voltage that is

displayed on a color video monitor and digitized by an analog-to-digital (A-D)

converter. Output of the A-D converter is interfaced to the computer for re-
I duction to aerodynamic heating rates.

Infrared energy is emitted in the electromagnetic spectrum from

about 0.7 to 1,000 pm. The AGA 680 camera employs a detector sensitive to

the range between 3 and 5.8 pm. The infrared radiation collected by the

system optics is focused on the detector, which produces an electrical

signal proportional to the total energy in that bandwidth.

Planck's law gives the relationship between the spectral radiant
emittance of a blackbody radiator and its temperature as

2 Hc2
Wxb X5'(eHc/XKT- 1) A-(l)

Integration of Planck's relationship over wavelengths from zero to infinity

yields the Stefan-Boltzmann law which relates total radiant energy and

temperatures for a blackbody as

W = aT4  A-(2)
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Real objects do not behave as true blackbodies because of absorbed,
reflected, and transmitted radiation. The Stefan-goltzmann law can be modi-
fied for a graybody by simply multiplying the right-hand side of Eq. A-(2) by

the surface emissivity, yielding_

W - T4 P- (3) T

where an emissivity of unity corresponds to a blackbody.

All physical objects have an emissivity less than unity which is

usually dependent on wavelength. In applications such as the one discussed

here, where accurate object temperature measurements are required, the
variation of the surface emissivity as a function of wavelength and camera

view angle is important and must be determined experimentally.

Details of the IR camera used in the AEDC-VKF are illustrated in

Figures A-i andA-2. This is a scanning optical-mechanical camera which does
not use film. The camera scans the model to produce a complete picture at

the rate of 16 frames per second. The schematic in Fi.gure A-2 shows the liquid-
nitrogen-cooled (indium-antimonide) detector and the rotating prisms which

control the position of the instantaneous field-of-view. An IRTRAN 2 window

is used in the viewing path because the conventional materials used in wind
tunnel windows are opaque to radiation in the bandwidth range of interest.

The scanning apparatus consists of two rotating (vertical and
horizontal) prisms, two prism-drive motors, magnetic position-sensing
heads, and a collimating lens. A virtual image is formed by the front

lens of the camera on a plane within the first prism. The image is scanned
vertically by rotation of the prism about its horizontal axis. This re-

sults in a horizontal, virtual line-image being formed within the second
scanning prism. The line-image is then scanned horizontally in turn by
rotation of the second prism about its vertical axis.
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One complete frame of IR data consists of 70 scan lines with 110

points per line for a total of 7700 discrete but overlapping spots. For

most test installations the field-of-view is such that the model does not

fill the complete frame. In order to save computer storage space, only that

portion of the frame which contains model data is digitized. For the cur-

rent test, the area of interest was 27 lines by 83 points which corresponds

to 2241 spots. For each point, the camera output is digitized and converted

F to a temperature by means of Equations A-(I) - A-(3) which incorporate constantz

peculiar to this system. These constants are derived frim laboratory calibra-

tions using a standard blackbody source.

Reduction of the infrared data is based on the assumption that the

surface temperature history is that of a homogeneous, semi-infinite slab sub-

jected to a constant heat-transfer coefficient. The surface temperature rise( is then given by:

T- - T 2

= 1 -ea (erfc B) A-(4)

where

B h A-(5)

p

The temperature calculated for each spot is used in Equation A-4 to evaluate

B . The heat transfer coefficient, h, is then calculated from Equation

using a time interval (At) based on the time at which the IR frame was

digitized. The heat transfer coefficient calculated from Equation

presented in terms of the nondimensional Stanton number using

S h To TwIT p. 0 'w
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This value was normalized using the Fay Riddell stagnation point heat trans-
fer coefficient (Reference A-I*) defined as:

bP

8.17 Pt'0.50.4 AP- 0.25A(ST)F R0 . 5  0 .15FR p. V. RNTO

where

Pt2 - Stagnation pressure downstream of anw
normal shock wave, psia

U - Air viscosity based on To, lbf-sec/ft 2

P - Free-stream pressure, psia

To- Tunnel stilling chamber temperature, OR

RN - Reference nose radius, ft(N
(1.0 ft for this test)

Po- Free-stream density, ibm/ft 3

VO- Free-stream velocity, ft/sec

The tabulated IR data consists of the calculated surface tempera-

ture (ratioed to the model initial temperature, Ti) and the normalized

Stanton number for each of the 2241 spots in the data area of the IR frame.

The output of the IR camera is displayed in real time on a color
television monitor. A 70-nm camera was usrP to photograph the monitor

screen simultaneously with the single frame digitizing process. A sample
photograph is presented in Figure A-3. On the television monitor the total
temperature range which the system is set up to measure is divided, in a
nonlinear fash4on, into ten separate colors, starting with blue for the

lowest temperature and progressing through white for the highest. Each
color then represents a temperature band within the total range, and the

interface between two colors corresponds to one particular temperature.
For this test the color band was not calibrated, so the photographs were
not useful for quantitative data. However, they do provide a view of the
"overall heat-transfer pattern which cannot be seen in the tabulated data.

E , *A- - Fay, J. A. and Riddell, F. R., "Theory of Stagnation Point Heat Transfer in
Dissociated Air," Journal of the Aeronautical Sciences, Vol. 25, No. 2,
February 1958.i ', -:61,
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In order for the IR data to be useful in making plots of heat-
transfer coefficients versus model coordinates, it is nv• essary to define

model position in terms of Line and Point numbers. This was done by taking

pretest infrared scans of the model with a grid-line pattern attached.

Thermocouple wire was used to form the pattern, and, when connected to a

power supply, the wire became hotter than the surrounding model surface

and thus could be seen quite clearly in the infrared picture.

The dimensions of the grid pattern are shown in Figure A-4. The

wires at X/L - 0.410 and 0.903 define the axial extent of the IR field-

of-view. The wires in the axial direction were placed along the model

centerline and along rays which were at 45-deg angles around the body

from the centerline. Pretest experiments had established that this was

a practical limit for the area of valid data. Beyond this limit the ef-
fective emissivity decreases rapidly due to the model curvature.

The pairs of numbers indicated at several of the thermocouple

wire intersections are the IR Line and Point numbers, respectively, which

define the locations of the intersections within the IR picture. With

this information and the accompanying model dimensions, any spot on the

model can be related to a spot in the IR picture. Using the data of Figure

A-4, the relatinnship between IR Point number and the nondimensional distance

along the model axis, X/L, was determined to be

X/L = 0.96 - (5.857 x l103) (Point number) A-(8)

It should be noted that for this test the accuracy with which a given point

on the model can be located within the IR frame was approximately +0.25 in.,

as determined from grid pattern scans conducted several times during the

test.

6
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Test Procedure

[ ~ In the VKF continuous flow wind Tunnel B, the model is
mounted on a sting support mechanism in an installation tank directly under-
neath the tunnel test section. The tank is separated from the tunnel by a
pair of fairing doors and a safety door. When closed, the fairing doors,
except for a slot for the pitch sector, cover the opening to the tank and
the safety door seals the tunnel from the tank area. After the model is
prepared for a data run, the personnel access door to the installation tank
is closed, the tank is vented to the tunnel flow, the safety and fairing

doors are opened, the model is injected into the airstreanm, and the
fairing doors are closed. After the data are obtained, the model is re-

directed at the viewing surface. This continues until the surface temp-

erature is nominally at the pretest value. The sequence is reversed with
the tank being vented to atmosphere to allow access to the model in prepara-
tion for the next run. The sequence is repeated for each configuration
change.

Instrumentation outputs were recorded using the VKF digital data
scanner in conjunction with the V.KF analog subsystem. Data acquisition
from all instruments other than the infrared camera was under the control
of a pop 11/40 computer, utilizing the random access data system (RADS).

A given injection cycle where the model is exposee -to the flow
for 10 to 30 seconds is termed a group, and all the data obtained is iden-Itified in the data tabulations by a group number.
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TEST CONDITIONS AND DATA UNCERTAINTY

Uncertainities in the tunnel free-stream parameters and the model

aerodynamic coefficients were estimated using the Taylor series method of
error propagation; namely, j

(A F)2 = (F A 2 + ( 22 + @7AX .. nX A-(9)

where A F is the absolute uncertainty in the 'dependent parameter

F = f(X1 , X2 , X3 . . Xn) and Xi are the independent parameters (or basic

measurements). AXi are the uncertainties (errors) in the independent mea-

surements (or variables).

A summary of the nominal test conditions for which data were

obtained is given below.

MACH Popsia To,$R q , psia p, psia Re x 10 6 /ft

7.88 82 1275 0.4 0.01 0.4

7.96 275 1290 1.3 0.03 1.3

7.98 450 1295 2.1 0.05 2.2

8.00 870 1340 4.1 0.09 3.8

The accuracy (based on 2a deviation) of the basic tunnel para-

meters, determined from test section flow calibrations,were used to esti-

mate uncertainties in the other free-stream properties using Equation A-(9).

The computed uncertainties in the tunnel free-stream conditions for Mach 8

are summarized below:

Uncertainty, (t) percent of actual value

MACH Pq RE/ft
0.4 2.5 1.7 1.2

The uncertainty in model angle-of-attack is estimated to be +0.05

deg. For boundary layer transition purposes, the model angle-of-attack was

a critical parameter;as a result,it was set in the tank below the tunnel

66.
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prior to injection into the flow and verified using an inclinometer, rather

than relying entirely on the sector position indicator. The model was then
locked into position for the run.

Heat-transfer coefficient measurements for the IR runs ranged

from about 2 x l104 to 2 x lO"3 Btu/ft 2 -sec-*R. Overall estimated uncer-

tainty in absolute values of heat-transfer coefficient for this technique

are:
Btu/ft 2 -sec-OR Uncertainty +, percent

2 x 1o-4 21

2 x 10-3 15 j
The above uncertainty values were derived using the previously

discussed Taylor series method of error propagation with the instrumentation

accuracies combined with the accuracies below:

Item Estimated Precision (+)

Vpck 10% of measured value
p

Ti 1% of measured value

(Tw)IR 1% of measured value

T 0.4% of measured value0

At 0.1 sec absolute

The uncertainties in heat-transfer coefficient are applicable for
time intervals greater than five seconds, provided that the semi-infinite-solid A

assumption is not violated. It should be noted that the dominant term in

the uncertainty calculations for IR techniques is the accuracy of the model
thermal properties data (pcpk).

S67.
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